Parkinson's disease (PD) is one of the most common age-related neurodegenerative diseases, which results from a number of environmental and inherited factors. PD is characterized by the slow progressive degeneration of dopaminergic (DA) neurons in the substantia nigra. The nigrostriatal DA neurons are particularly vulnerable to inflammatory attack. Neuroinflammation is an important contributor to the pathogenesis of age-related neurodegenerative disorders, such as PD, and as such anti-inflammatory agents are becoming a novel therapeutic focus. This review will discuss the current knowledge regarding inflammation and review the roles of intracellular inflammatory signaling pathways, which are specific inflammatory mediators in PD. Finally, possible therapeutic strategies are proposed, which may downregulate inflammatory processes and inhibit the progression of PD.
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Introduction
Parkinson's disease (PD) is a neurodegenerative, multifactorial movement disorder affecting ~3% of the population aged >65 years (1) . As a neurodegenerative disorder, PD is the second most common cause of age-linked neurodegeneration after Alzheimer's disease (AD). Furthermore, PD is one of the most common causes of disability and mortality globally; hence it has a significant clinical and socioeconomic impact. The primary pathological characteristic of PD is the chronic and progressive loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNPC), which leads to irreversible striatal dopamine loss. The symptoms of PD are only observed once the dopamine levels in the striatum are reduced by >80%.
While the pathogenesis of PD is not fully understood, increasing evidence from previous studies has revealed that inflammatory responses are responsible for the progression of PD (2) (3) (4) (5) . These responses include accumulation of inflammatory mediators, such as inflammatory cytokines and proteases in the substantia nigra and the striatum, as well as activation of the microglia. While it has not yet been demonstrated at the clinical level that decreasing inflammatory cascades ameliorates DA neuronal injury, numerous studies have demonstrated this effect in models of PD (6) (7) (8) (9) .
Recently, marked progress has been made in identifying the roles of inflammatory signaling molecules, cells and proteins in the initiation and development of PD. This review focuses on summarizing the novel data regarding the inflammatory response in PD.
Cellular response to Parkinson's disease
Inflammation is the accumulation of inflammatory cells and mediators in the brain. Studies of the chronic inflammatory processes involved in PD have found that microglia and astrocytes have important roles in the occurrence of inflammation.
Microglia/macrophages. Microglia are resident immunocompetent and phagocytic cells within the brain and, as such, are significant in the pathogenesis and progression of PD. Once microglia are activated, they undergo a morphological transformation into phagocytes, which makes them indistinguishable from macrophages. In addition, the activation of microglia leads to progressive inflammation and neuronal cell death, causing further reactive microglia activation, which may lead to a cycle of inflammation and neuronal injury that fuels the progressive DA neurodegeneration in PD (10, 11) . Excessive levels of microglial activation have been identified in the SNPC of patients with PD (12) . Since the substantia nigra has the highest density of microglia (13) and is more susceptible to inflammatory attack, microglial activation may damage the DA neurons within the substantia nigra. Furthermore, levels of intracellular glutathione in DA neurons are lower than those in other areas of the substantia nigra, which reduces the antioxidant ability of the DA neurons and increases their sensitivity to microglial activation and oxidative stress (14) . A previous study revealed that the number of activated microglia increased markedly in the SNPC of 6-hydroxydopamine (OHDA)-lesioned PD rat models at 10 and 28 days post-lesion (15) . All these results indicate that microglial cells are involved in the pathogenesis of PD in numerous different ways.
Though the mechanism by which microglial cells are activated in PD remains unknown, accumulating evidence indicates that the activation of microglia is associated with a series of neurochemical mediators. Microglia of the substantia nigra can be activated by interferon (IFN)-γ, inducible nitric oxide synthase (iNOS), interleukin (IL)-1β and tumor necrosis factor (TNF)-α. In the progression of PD, microglia activation is associated with cyclooxygenase (COX)-2, complement receptor 3 and increased levels of ferritin (16, 17) . Nitration or oxidative stress modifies certain surface proteins on DA neurons enabling the reconstruction of those surface proteins and their recognition as foreign pathogenic antigens by microglia, which are subsequently activated (18, 19) .
Notably, Orr et al (20) found that activated microglia, within the first 24 h of stimulus disturbance, increaseses immunoglobulin reactivity, and upregulates the expression levels of cell adhesion molecules. In the substantia nigra of PD patients and animal models, the expression levels of iNOS, an important oxidative stress mediator, are also increased (18) . iNOS is colocalized with the activation and multiplication of microglia cells, which implies that nitric oxide (NO) induces protein upregulation and increases levels of nitrotyrosine production (21, 22) . The induction of proinflammatory and immune system cytokines, such as IFN-γ, TNF-α and IL-1 promotes iNOS production (23) and aggravates NO-induced DA neuronal injury. Subsequently, proinflammatory cytokines accelerate the activation of microglia and their infiltration across the blood-brain barrier, which leads to the activation of further, resident microglia and perivascular macrophages (24) , resulting in a chronic inflammatory response. When this inflammatory response persists, it may cause the progression of PD.
In conclusion, these results indicate that activated microglia are beneficial in the early stages of PD, however, with the development of the disease the activated microglia begin to exert a neurotoxic effect.
Astrocytes. Astrocytes are important mediators in the homeostasis of the extracellular environment of neurons (25) . Increasing evidence has revealed that the role of astrocytes within the brain may be either protective or detrimental. Whilst certain neurodegenerative diseases may be caused by over-reactive astrocytes (26) , they may also inhibit oxidative stress, prevent mitochondrial damage and produce neurotrophic factors (27) . Astrocytes have a protective effect on DA neurons by increasing the expression levels of glial fibrillary acidic protein (GFAP) and glutathione peroxidase (28) . Activating the nuclear factor of κ light polypeptide gene enhancer in B cells (NF-κB) of reactive astrocytes in the substantia nigra can lead to DA neuronal loss in PD model mice treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (29) . Activation of astrocytes counteracts 6-OHDA-mediated toxicity in nigral DA cell bodies (30) and releases factors that are toxic to neurons in the inflammation-mediated pathogenesis of neurological diseases, such as AD and PD (31) . In mesencephalic DA neuronal cultures, astrocytes promote mesencephalic neuronal survival and reduce the presence of apoptotic nuclear profiles (32) . In PD, the activation of brain astrocytes increases the expression levels of GFAP, an astrocytic marker, which results in specific structural and functional changes (33) . In a 6-OHDA-induced PD rat model, a marked increase in the immunoreactivity of GFAP was displayed in the SNPC and the striatum (34) .
While the mechanism of action of astrocytes in brain inflammation has not been fully elucidated in PD models, certain studies have demonstrated that astrocytes lead to inflammatory reaction by developing type 2 helper T cell (Th2) immune responses, suppressing IL-12 expression and expressing major histocompatibility complex (MHC) and costimulatory molecules (35) . In certain diseases, such as stroke, multiple sclerosis and PD, astrocytes express aberrant inflammatory factors, including chemokines, cytokines and iNOS. The severity of DA neuronal death is hypothesized to be parallel to α-synuclein-positive astrocytes in PD (36) .
In summary, these studies indicate that activated astrocytes have the capacity to produce neuroprotective effects in PD. Therefore, a pharmacological manipulation of these mechanisms may be a possible therapeutic strategy to investigate.
Oligodendrocytes. Oligodendrocytes are a type of neuroglia whose predominant function is the insulation of axons in the central nervous system (CNS). They are the cells that are responsible for the synthesis and assembly of myelin, which surrounds the axons in the CNS. Previous studies have demonstrated that oligodendrocytes are key in certain neurodegenerative diseases (37, 38) , however, there are few studies regarding oligodendrocytes in PD.
Takagi et al (39) found that the area of expression of 2',3'-cyclic nucleotide 3' phosphodiesterase (CNP)-positive profiles and the expression levels of CNPase protein were markedly reduced in the striatum three and seven days after MPTP treatment compared with those in the control groups, demonstrating that oligodendrocytes may be involved in an MPTP-mediated neurotoxic role in PD. Dopamine D2 and D3 receptors are expressed in rat differentiated cortical oligodendrocytes, and dopamine D2 and D3 receptor-like immunoreactivity has additionally been found in cultured oligodendrocytes (40) . Oligodendrocytes and their precursors are highly susceptible to excitotoxic damage, oxidative stress and the effects of cytokines (41); furthermore, the activation of dopamine D2 and D3 receptors may protect oligodendrocytes against glutamate oxidative stress-induced cell death. Notably, increased expression levels of D2 and D3 receptor proteins were observed after oligodendrocytes were exposed to oxygen/glucose deprivation for 2 h. Immunization of mice with the myelin oligodendrocyte glycoprotein prior to treatment with MPTP significantly reduces microglial reactivity and the expression levels of proinflammatory cytokines, whilst elevating the expression levels of glial cell line derived neurotrophic factor (GDNF) mRNA compared with those observed in mice treated with MPTP only (42) .
Whilst there has been limited research into the association between oligodendrocytes and PD, it is hypothesized that oligodendrocyte may have a neuroprotective role, which may contribute to the elucidation of the progressive mechanisms of PD. However, further studies are required to provide evidence of this in animal models and in patients with PD.
Inflammatory and anti-inflammatory mediators
Cytokines. Cytokines are upregulated in the brain as a result of chronic inflammation, such as that observed in PD. In the cells of the immune system the resident brain cells, including microglia and neurons, express and produce cytokines. In PD the most investigated cytokines are IL-1, IL-6, IL-10, IFN-γ, transforming growth factor (TGF)-β and TNF-α.
TNF-α. TNF-α is an important proinflammatory cytokine. Expression levels of TNF-α have been observed to be higher in the striatum and substantia nigra of 6-OHDA-induced PD model rats compared with those in the control rats. In the nigrostriatal signaling pathway, which links the substantia nigra and the striatum, TNF-α expression can be upregulated, which is accompanied by microglial activation. Additionally, increased levels of TNF-α expression have been observed in the SNPC of patients with PD (11) . TNF-α knockout (KO) in MPTP-mediated PD model mice demonstrated reduced blood-brain barrier leakage and MPTP-induced inflammation when compared with that in the wild-type controls (43) . Reduced levels of methylation of the TNF-α promoter in SNPC cells increases the susceptibility of DA neurons to TNF-α-mediated inflammatory reactions (44) .
TNF-α acts via at least two TNF-α receptors in the development of PD: TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2). Following MPTP injection in TNFR1 and TNFR2 double KO mice, the level of dopamine expression in the striatum was observed to be reduced, however, the dopamine turnover was increased (45) . These results concur with those of Sriram et al (46, 47) . The levels of TNF-α and the immunoreactivity of TNFRs were markedly enhanced in the substantia nigra, striatum and cerebrospinal fluid (CSF) of patients with PD. Furthermore, it has been identified that TNFR double KO mice experience inhibited microglia activation and protection against MPTP-induced DA neurotoxicity. Injection of TNF-α was demonstrated to result in dopamine neuron loss in the SNPC of rodents. Blocking the soluble form of the TNF-α receptor reduces the level of DA neuron death in 6-OHDA-lesioned rats (48) . A study into the serum levels of TNF-α and the soluble forms of their receptors (sTNFRs) in patients with PD (49) revealed that patients with PD had higher levels of sTNFR1 compared with those observed in the healthy controls, which was associated with a later disease onset (50) .
However, another study revealed that TNF-α KO only suppresses MPTP-induced microglial activation and does not reduce the loss of dopamine neurons caused by MPTP treatment. This indicates that in the progression of PD, the loss of dopamine neurons is not directly caused by TNF-α, rather it acts as a mediator, interacting with the TNFR1 and TNFR2 subtypes (43) .
IL-1.
IL-1 was one of the first cytokines to be described. It is an upstream signaling molecule for a number of inflammatory factors and neurotoxic mediators. Microglial activation leads to a number of phenotypes, one of which is a proinflammatory phenotype. The secretion of IL-1β has a similar proinflammatory effect, which can be reversed by specific IL-1 inhibition. The IL-1 receptor antagonist significantly attenuates the augmented loss of DA neurons caused by lipopolysaccharide (LPS) or 6-OHDA-induced sensitization to DA degeneration.
IL has two isoforms, IL-1α and IL-1β. The endogenous inhibitor of IL-1α, IL-1β and IL has been widely investigated in PD. In the ventral midbrain and substantia nigra of MPTP-induced animal models the expression levels of IL-1β were elevated, as was the activation of microglia (51) . Blocking microglial activation as well as altering the shape of the tertiary structure of mature IL-1β causing inhibition of its activity can reduce MPTP-induced DA neurotoxicity. The action of a single proinflammatory cytokine, for example IL-1β, could lead to dopamine neuron loss independent of other inflammatory events. In the substantia nigra of adult rats, a recombinant adenovirus expressing IL-1β was used in a previous study to induce the chronic expression of IL-1β, leading to DA cell loss and motor disorder (52) . In the CSF and nigrostriatal regions of clinical patients with PD, the IL-1β expression levels were found to be markedly increased (53) (54) (55) . Notably, compared with the expression levels of IL-1β, the IL-1α-889 polymorphism did not demonstrate a significant increase between the patients with PD and the control subjects. The reasons and mechanisms behind the different effects of IL-1α and IL-1β on PD patients have yet to be elucidated.
IFN-γ. IFN-γ is secreted by T lymphocytes and natural killer
cells, and is a cytokine for innate and adaptive immunity against viral and intracellular bacterial infections. In MPTP-induced rat models, a significant increase of IFN-γ has been observed in the striatum within one week of administration of MPTP. In the study of in vivo and in vitro models of PD, it has been demonstrated that PD patients exhibit elevated IFN-plasma levels compared with the levels observed in non-PD patients. Additionally, MPTP-induced DA cell loss was significantly attenuated in IFN-γ deficient mice, which was accompanied by a reduction in striatal tyrosine hydroxylase (TH) and dopamine transporter fiber density. Furthermore, the levels of DA and 3,4-dihydroxyphenylacetic acid (DOPAC) were significantly reduced in MPTP-treated wild-type mice. However, the loss of DA neurons was significantly reduced in the MPTP-treated IFN-γ KO mice (56) . IFN-γ deficiency attenuates the reduction of striatal DA levels and behavioral effects following paraquat exposure (57) . These results demonstrate that IFN-γ is involved in the death of DA neurons in the development of PD, which is associated with the regulation of microglial activity. Numerous clinical studies have demonstrated that the expression level of IFN-γ was significantly elevated in the blood plasma of patients with PD (45) , and that levels were higher in the nigrostriatal DA regions, including the substantia nigra, caudate nucleus and putamen, of PD patients than those in the control subjects (58) . The clinical findings also revealed that the elevation of IFN-γ expression levels in the blood serum and the brain led to the degeneration of the nigrostriatal DA neurons in PD.
Other inflammation-related cytokines. IL-6 is a common proinflammatory cytokine, however, it is not clear whether IL-6 also has a significant role in PD. A nested case-control study found that males with high plasma concentrations of IL-6 have an increased risk of developing PD (59). Scalzo et al (50) found that serum levels of IL-6 were markedly increased in patients with PD, and that PD patients who exhibited higher serum levels of IL-6 demonstrated a reduced gait speed, more problems in performing tasks that required postural changes and reduced base support (50) , indicating that IL-6 may be associated with motion function in patients with PD. IL-10, an anti-inflammatory cytokine, inhibits IL-1 and TNF-α, and suppresses cytokine receptor expression and receptor activation. Previous studies have revealed that the expression level of IL-10 is constant in the CSF and serum of PD patients (60) . However, a recent study found that patients with PD exhibited significantly increased IL-10 expression levels compared with those observed in the control group (61) . Contrary to IL-6, IL-10 appears to exert beneficial effects in the progression of PD. In an LPS-induced mouse model of PD, intracerebral IL-10 was shown to reduce the number of activated microglia and inhibit LPS-mediated production of TNF-α and NO, subsequently leading to neuroprotection against LPS-induced DA neuronal death (62) . In the presence of microglia, IL-10 has been reported to protect reconstituted neuron and glial cell cultures from LPS-induced neurotoxicity, however, these protective effects vanish in mice that lack nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (63) . These studies indicate that through the inhibition of microglial activation, IL-10 may exhibit neuroprotective effects that reduce the damage to DA neurons.
TGF-β1 has been detected in microglia and astrocytes, and has been found to be expressed at low levels in the neurons of healthy subjects (64) . In addition, upregulation of TGF-β1 has been observed in the brains of animals with neurodegenerative disease. In the absence of MPTP treatment, infusion of TGF-β1 into the ventral mesencephalon of mice causes a detrimental effect to DA neurons (65) . TGF-β1 exerts a significant neuroprotective effect in LPS-and MPTP-mediated models of PD through its anti-inflammatory properties (66) .
Chemokines and chemokine receptors. Chemokines are a family of potent, soluble, chemoattractant cytokines that are involved in leukocyte migration, angiogenesis, cell activation, cell proliferation and cell differentiation. According to the positions of the cysteine residues (C) within them, chemokines have been classified as follows: CXC, CC, C and CX3C. Each class has a different role, which it undertakes via specific and shared receptors that belong to the superfamily of G protein-coupled receptors. Monocyte chemotactic protein 1 (MCP-1) is a ligand of the CC class of chemokines. In MPTP-lesioned mice, the level of expression of the MCP-1 mRNA was found to be significantly increased in the striatal region, resulting in damage to TNF receptor-deficient DA neurons (46) . Additionally, the level of expression of IL -8 mRNA was observed to be increased in the blood serum of PD patients (67) . Clinical studies have found that the age of onset of PD in patients may be associated with the 2518G/A genotype in the CCL2/MCP-1 promoter region (68) . Significantly increased expression levels of the CXCR4 chemokine have been observed in the DA neurons of the substantia nigra in humans. Notably, greater expression levels of CXCR4 and CXCL12 were observed in the post-mortem brains of PD patients when compared with those in the control group, despite the loss of DA neurons. In addition, the same study reported that MPTP produced a time-dependent upregulation of CXCR4 prior to the loss of DA neurons in the substantia nigra of MPTP-treated mice (69) . Edman et al (70) demonstrated that α-chemokines, including CXCL1, CXCL6 and CXCL8, increase the number of DA neurons in the ventral midbrain precursor of a developing rat. These findings indicate that chemokines and chemokine receptors may be involved in the etiology of PD.
Cyclooxygenase (COX) signaling pathway. COX converts arachidonic acid, which is released from brain phospholipids during the progression of PD, into prostaglandin (PG) H2. COX has three isoforms: COX-1, COX-2 and COX-3. Within the three subtypes of COX, it is COX-2 rather than COX-1 or COX-3 that has the most important role in the development of PD. COX-2 expression in the substantia nigra of mice with MPTP-induced PD was found to be significantly increased in the DA neurons and microglia of the striatum and ventral midbrain (6, 71, 72) . In an MPTP-induced mouse model of PD, blocking COX-2 has been demonstrated to markedly reduce MPTP-induced DA neuronal degeneration (73, 74) . One study found that selective and non-selective COX-2 inhibitors reduce the rigidity of PD rats, however, the rigidity recovery following administration of the selective COX-2 inhibitor was greater than that of the rats in the non-selective COX-2 inhibitor group (75) . Additionally, COX-2 deletion has been shown to moderately attenuate the motor impairment and alteration of dopamine utilization induced by paraquat in the striatum of mice (76) . The KO of COX-2 and neuronal NOS in MPTP-induced PD mice reduced the number of positive neurons, indicating degenerative DA, compared with the number observed in wild-type littermates (77) . Although the mechanism of the COX-2-mediated DA neuronal degeneration remains unclear, it is hypothesized that COX-2 produces PGE2 and reactive oxygen species (ROS), which cause toxic effects via the c-Jun N-terminal kinase (JNK) signaling pathway and PGE2, rather than PGE2 and ROS (73) .
Matrix metalloproteinases (MMPs) and PD. MMPs belong to a family of extracellular soluble or membrane-bound endopeptidases, which are involved in reconstituting the extracellular matrix in addition to neuroinflammatory responses, and are predominantly synthesized by microglia, astrocytes and neurons. The activation of MMPs, particularly MMP-3 and MMP-9, may be associated with the pathogenesis of PD.
MMP-3 expression and activation was found to be significantly increased 24 and 48 h following LPS injection in an LPS-induced model of PD (78) . MMP-3 triggers the microglia to produce proinflammatory and cytotoxic molecules in addition to MMP-3, which subsequently contribute to neuronal damage. MMP-3 is increased in various experimental models of PD that are induced using selective toxins and inflammation, and inhibition of MMP-3 may attenuate neuronal death (79) . MMP-3 activation ultimately leads to the demise of DA neuronal cells (80) . In vitro, MMP-3 activates microglia and the NF-κB signaling pathway, and increase the expression levels of TNF-α, subsequently causing neuronal apoptosis (81) . MMP -3 digests α-synuclein in DA neurons, which is critical in the progression of PD via the modulation of α-synuclein in aggregation, Lewy body formation and neurotoxicity (82) . MMP-3 promotes neuronal degeneration via the release of TNF-α and the activation of the NF-κB signaling pathway. KO of MMP-3 markedly reduced nigrostriatal DA neuronal degeneration, microglial activation and superoxide generation in an MPTP-induced mouse model of PD (83) . Thus, the intracellular active form of MMP-3 is directly associated with apoptotic signaling in DA cells (84) .
A study of post-mortem PD brains reported that various MMPs were upregulated in the substantia nigra (80). Lorenzl et al (85) found that the activation of MMP-9 was significantly increased in the striatum and substantia nigra of an MPTP-induced mouse model of PD compared with that observed in the control. Furthermore, the inhibition of MMP-9 significantly attenuated the dopamine depletion and loss of TH immunoreactive neurons in the SNPC (86) . MMP-1 and MMP-3, although not MMP-9, increased the tendency of α-synuclein to aggregate, which indicated that MMP-1 and MMP-3 may influence the pathogenesis of PD in vivo by generating specific aggregation-enhancing α-synuclein fragments resulting from limited proteolysis.
All results indicate that MMP-3 and MMP-9 are critical in the progression of PD, and that the suppression of MMP-3 and MMP-9 may provide a novel therapeutic strategy for PD.
Toll-like receptors (TLRs). TLRs are key mediators of innate immunity, and their activation leads to the production of cytokines and INFs. There are 10-15 types of TLRs in the majority of mammalian species. Nomura et al (87) first described human TLRs in 1994. In humans, 13 TLRs have been identified, TLR1 to TLR13 (88) .
TLRs have been shown to recognize a number of pathogen-associated molecules, including the bacterial cell wall components peptidoglycan (TLR2), dsRNA (TLR3) and ssRNA (TLR7), in addition to non-methylated cytosine-guanosine DNA (TLR9). Additionally, they have been shown to initiate innate immune responses upon interaction with infectious agents. TLRs are situated in antigen-presenting cells, such as dendrites, monocytes/macrophages and microglia in the CNS, and they are considered to be key molecules, which alert the immune system to the presence of microbial infections. Through regulation of the expression and activities of signal-dependent transcription factors, including NF-κB, activator protein-1 and the interferon regulating factor family, TLRs induce inflammatory gene expression. Further experiments have revealed that TLRs are important in the development of numerous diseases in which inflammation has a pathogenic role (89) .
TLR3 is expressed throughout the CNS on cerebral endothelial cells, microglia, oligodendrocytes, neurons and most prominently on astrocytes (90). Lehnardt et al (91) demonstrated that TLR4 is critical in LPS-induced neuronal injury in vivo, and indicated that neurons experiencing a single reversible insult undergo irreversible injury following a second insult (microglial activation) and that the specific activation of innate immunity, which is induced by a TLR4-dependent signaling pathway may cause neurodegeneration in the CNS. Panaro et al (92) indicated that compared with untreated animals, augmented expression levels of TLR4 were observed in the substantia nigra of MPTP-treated mice. Noelker et al (93) demonstrated that TLR4-deficient mice are less vulnerable to MPTP intoxication than wild-type mice, in addition to displaying a reduced number of ionized calcium-binding adaptor molecule 1(+) and major histocompatibility complex II(+) activated microglial cells following MPTP application. Kim et al (94) demonstrated that extracellular α-synuclein released from neuronal cells is an endogenous agonist for TLR2, which activates inflammatory responses in microglia. Furthermore, it has been demonstrated that TLR2 is upregulated in animal models of PD (95) .
Numerous studies have demonstrated that TLR signaling pathways may be novel therapeutic targets for modification of neuroinflammation in PD and associated neurological diseases. However, it is yet undetermined whether certain TLRs found in other mammals are also present in humans. For example, TLR11, -12 and -13 are not observed in humans, however, they are all expressed in mice. Additionally, other TLRs, which are not found in mammals may be found in humans. Therefore, using experimental animals as models of human innate immunity may be complex NADPH oxidase. The NADPH oxidase is a multicomponent enzyme composed of the following: At least three cytosolic subunits, p47 Phox , p67 Phox and p40 Phox ; two membrane associated subunits, p22 Phox and gp91 Phox ; and Rac, a small GTPase (96) . NADPH oxidase is inactive in resting microglia as p47 Phox , p67 Phox and p40 Phox , which are present in the cytosol, are segregated from the two transmembrane bound subunits, gp91 Phox and p22 Phox . In the presence of microglial activation, p47 Phox is phosphorylated and the entire cytosolic complex translocates to the membrane, where electrons are transferred from NADPH to oxygen, which assembles a cytosolic complex with gp91 Phox and p22 Phox , thus forming a complete NADPH oxidase entity that is able to reduce oxygen to a superoxide radical (O 2 − ), which subsequently facilitates the production of other secondary reactive oxidants (97). The mesencephalic DA neuronal cells (N27) express key NADPH oxidase subunits, gp91 Phox and p67 Phox , hence co-treatment with 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, apocynin or diphenylene iodinium (three structurally diverse NADPH oxidase inhibitors) suppress 1-methyl-4-phenylpyridinium (MPP)(+)-induced cytotoxic cell death and reduce the MPP(+)-mediated increase in caspase-3 enzymatic activity (98) . The expression levels of NADPH oxidase 1 increase in a concentration-dependent manner in Paraquat-treated rat N27 DA cells, and pretreatment with apocynin, a putative NADPH oxidase inhibitor, markedly reduces DA cell death (99) . In an MPTP-induced PD mouse model, the enhanced gp91 Phox immunoreactivity was observed specifically in the SNPC and striatum, and gp91 PHOX protein levels clearly increased in post-mortem SNPC samples from PD patients (100) . In gp91 Phox subtype mutant mice treated with MPTP, the density of striatal TH-positive nerve fibers was less reduced when compared with that in the wild-type littermates (100) .
Heat shock proteins (HSPs) and their anti-inflammatory functions. HSPs are soluble intracellular proteins that mediate a range of essential housekeeping and cytoprotective functions. Their expression levels are increased when cells are exposed to high temperatures or various other types of stress. The endogenous HSPs may have a beneficial effect on PD through the suppression of α-synuclein aggregation (101) .
Among HSPs, HSP90 and HSP70 have particularly important cytoprotective roles in various pathomechanisms, including the progression of PD. Previous studies have revealed that as a putative anti-apoptotic factor, HSP70 protects against neuronal cell death in PD (102, 103) and the application of HSP70 in SK-N-SH cells reduces neurotoxicity by suppressing the elevation of MPP(+)-induced α-synuclein levels; furthermore, application of HSP70 prevents DA neuronal loss in α-synuclein transgenic Drosophila (104) . A study by Tantucci et al (100) investigated a rotenone-induced model of PD, obtaining corticostriatal slices from rats that had undergone mild thermal stress and using them to demonstrate that increased HSP70 reduces rotenone-induced neurotoxicity (105) . Additionally, HSP70 inhibits rotenone-mediated apoptosis in the SH-SY5Y human DA cell line in vitro (106) , and attenuates nigral injury induced by MPTP in vivo by suppressing proapoptotic factors and activating the survival pathway (107) . HSP70 strongly inhibits α-synuclein fibril formation via preferential binding of prefibrillar species. Furthermore, HSP70 alters the characteristics of toxic α-synuclein aggregates indicating that cellular toxicity arises from the prefibrillar forms of α-synuclein (108) . In a cellular model of PD, suppression of DJ-1-induced α-synuclein toxicity was associated with an increase in the levels of the stress-induced form of HSP70. Additionally, research on RNA interference also revealed that an increase of HSP70 levels was necessary for DJ-1-mediated inhibition of α-synuclein aggregation, but not toxicity (109) . These results indicate that the induction of HSP70 may be a neuroprotective mechanism in neurodegenerative disorders.
HSP90 resolves disordered protein aggregates and cross-β amyloid conformers, and is associated with elevated levels of insoluble α-synuclein in PD brains (110) . These variations of HSP90 were identified by the neuropathological findings in an α-synuclein mutant transgenic PD mouse model (111) . The levels of phosphorylated HSP90 α/β are significantly increased in the substantia nigra of subjects with PD compared with normal control subjects (112) . Wang et al (113) demonstrated that HSP90 in vivo forms a complex with leucine-rich repeat kinase 2 (LRRK2), the mutation of which usually leads to PD, and the association may be disrupted by HSP90 inhibitors, subsequently causing proteasomal degradation of LRRK2. Inhibition of HSP90 prevents resecretion of extracellular α-synuclein, which is important in the pathogenesis of PD, and attenuates extracellular α-synuclein-induced neurotoxicity (114) .
In conclusion, these studies have demonstrated that HSPs may be a promising target for the treatment of PD.
Transcriptional regulation of inflammatory processes
Transcription factors in PD. It is well known that variations in gene expression normally occur in PD. Activation of various transcription factors has been demonstrated in experimental PD models, particularly with regard to the inflammatory responses in PD.
NF-κB and inflammatory responses. NF-κB participates in the regulation of inflammatory responses. It is a dimeric transcription factor and one of five proteins in the NF-κB family, which consists of; Rel (cRel), RelA (p65), RelB, NF-κB1 (p50 and its precursor, p105) and NF-κB. The most frequent form of NF-κB is a heterodimer consisting of Rel A (p65) and p50. NF-κB is usually bound to a member of a family of inhibitor proteins termed inhibitor κB (IκB), which consist of IκB-α, IκB-β and IκB-γ, of which IκB-α is the most investigated inhibitor. Through an upstream IκB kinase (IKK), the ubiquitination and degradation of IκB-α is caused by phosphorylation at serines 32 and 36 in the 26S proteasome, which frees NF-κB and enables it to translocate to the nucleus and bind to κB sites in the initiators of downstream genes to activate their transcription (33) .
Numerous functional κB sites, including intercellular adhesion molecule-1, TNF-α, iNOS and IL-6 are contained in genes involved in inflammation. In vitro experiments have demonstrated clear upregulation of basal NF-κB activation in an MPP(+)-induced model of PD in an SH-SY5Y human neuroblastoma cybrid (mitochondrial transgenic cytoplasmic hybrid) cell line (115) . By contrast, the impairment of NF-κB function due to the IKK inhibitor, sulfasalazine, was paralleled by a decline in neurotoxic mediators in the study of human neuromelanin-treated microglia cultures (116) . In the MPP(+)-lesioned S-type human neuroblastoma cell line, SH-EP1, NF-κB was activated by MPP(+) as evidenced by NF-κB p65 nuclear translocation, increased DNA binding activity and a rapid phosphorylation of the NF-κB inhibitor, IκBα. NF-κB partially mediated the neurotoxicity of MPP(+) (117) . Recombinant cell-permeable peptide, NF-κB SN50, an inhibiter of NF-κB nuclear translocation, was applied to the dopamine-treated PC12 cell line and clearly prevented the cells from undergoing apoptosis, which may be associated with PC12 apoptotic induction (118) . This finding concurs with the study of Wang et al (119) in which it was observed that complex I deficiency in dopamine cells may induce apoptosis via a process associated with NF-κB nuclear translocation. Weingarten et al (120) found that a rapid and non-oxidative activation of the stress-inducible transcriptional NF-κB may be associated with mechanisms of NF-κB-mediated progressive deterioration of DA neurons in PD (121) . In rodent models of PD, NF-κB was activated in DA neurons 12 h following 6-OHDA administration and increased immunoreactivities of the NF-κB target gene, p53 were observed in the DA neurons. SN50 inhibits NF-κB nuclear translocation and p53 induction (122) , in addition, the loss of nigral DA neurons may be reduced by SN50 and the p53 antagonist (122) . This indicates that active NF-κB leads to loss of DA neurons via the NF-κB-dependent p53-signaling pathway. SN50 was also revealed to alleviate cytotoxicity induced by MPP(+) (123) . Pyrrolidine dithiocarbamate (PDTC), another NF-κB inhibitor, significantly ameliorated the DA deficits induced by MPTP in wild-type mice, where MPTP treatment significantly increased oxidative damage. Consistently, PDTC significantly attenuated MPTP-induced behavioral impairments in wild-type mice (124) . Activated NF-κB expression levels were significantly increased in the striatum of MPTP-treated PD mouse models (125). Aoki et al (29) demonstrated that by activating NF-κB in reactive astrocytes of the substantia nigra, increased cytokines and apoptosis-associated proteins induced apoptosis and caused DA neuronal loss following MPTP treatment in mice. Mogi et al (54) reported that in different nigrostriatal DA regions of patients with PD, including the caudate nucleus, putamen and substantia nigra, expression of NF-κB was significantly enhanced. Through the induction of suppressed IκBα expression and the suppression of translocation of the NF-κB subunit, p65 to the nucleus in DA neurons, DA cell loss was significantly attenuated in MPTP-mediated PD mouse models (126) . In the substantia nigra of PD patients, transcriptional activation of NF-κB is considered to be beneficial to the pathomechanism of DA neuronal injury (127) . Cao et al (128) found that in early 6-OHDA-induced PD rat models, the NF-κB signaling pathway may be activated by GDNF, and that the nuclear NF-κB p65/p52 complex levels increased following administration of GDNF, while the p65/p50 complex levels reduced. Curcumin was found to inhibit 6-OHDA-induced cell death in MES23.5 cells via modulation of NF-κB translocation (129) .
DJ-1. DJ-1 was initially identified as a novel oncogene and has recently been found to be a causative gene of familial PD, particularly PARK7, mutations of which cause an autosomal recessive, early onset, familial form of PD (130) . It is a multifunction protein, which has a key antioxidant and neuroprotective role in neuronal cells (131) (132) (133) (134) . In primary dopamine neurons in the N27 rat DA cell line, overexpression of wild-type DJ-1 protected cells from death induced by hydrogen peroxide and 6-OHDA. By contrast, endogenous DJ-1 knock-down renders cells more susceptible to oxidative damage (135) .
Deficiency of DJ-1 orthologous genes, DJ-1α and DJ-1β renders Drosophila vulnerable to paraquat-induced oxidative stress, motor impairment and reduces life span (136) . The morphology of DA cell loss differs between DJ-1 KO and wild-type mice (137) (138) (139) . However, no overt DA neuronal degeneration was observed in aged DJ-1 KO mice (140, 141) . In DJ-1 KO astrocyte cultures, when treated with TLR4 agonist LPS, the astrocytes generated >10 times the amount of NO compared with that of the littermate controls. Proinflammatory mediators, including COX-2 and IL-6, were also significantly induced by DJ-1 KO astrocytes (142) . DJ-1 KO in older mice exhibited reduced bodyweight and grip strength, and a more severe gait disorder compared with those of the wild-type littermates (143) . Using neuron-astrocyte contact and non-contact co-cultures, Mullett et al (144, 145) found that compared with wild-type astrocytes, the neuroprotective capacity against the neurotoxin rotenone was markedly reduced in DJ-1 knock-down asctrocytes. By contrast, DJ-1 overexpression in astrocytes has also been shown to significantly increase their neuroprotective capacity against other neurotoxins. In a cellular model of PD, expression of wild-type DJ-1 was shown to protect primary DA neurons from toxicity caused by rotenone, mutant α-synuclein and proteasome inhibitors. Neurons with significantly reduced levels of endogenous DJ-1 are more sensitive to neurotoxins, and DJ-1 mutants involved in familial PD also exhibit a reduced neuroprotective capacity (146) .
Upregulation of DJ-1 has been observed in the reactive astrocytes of the human PD brain. Furthermore, in other chronic neurodegenerative diseases and in an α-synuclein transgenic mouse model of PD, astroglial DJ-1 was overtly upregulated (147) . An upregulation of the expression levels of DJ-1 in the CSF in PD patients was observed when compared with non-PD control subjects (148) . By performing quantitative polymerase chain reaction and western blot analysis in numerous post-mortem PD and control brain regions, Kumaran et al (149) found a region-specific reduction in the DJ-1 mRNA expression levels in the putamen, frontal cortex, parietal cortex and cerebellum in PD (~30-60%) compared with the levels in the control samples, while a significant upregulation was observed in the amygdaloid nucleus (~90%) and entorhinal cortex (~39%). The expression levels of total DJ-1 and its reactivity were significantly reduced in the substantia nigra of 18 rapidly autopsied PD brains compared with those observed in nine non-pathological controls, and a reduction in the level of expression of DJ-1 protein was observed in the substantia nigra of sporadic PD patients compared with the levels in control subjects (150) . In contrast to the expression of the DJ-1 protein, expression of DJ-1 mRNA was observed in all nigra dopamine neurons, but not in the astrocytes (151) . The reason why DJ-1 mRNA is not expressed in astrocytes requires further investigation. The mechanism of action of DJ-1 in PD has not been completely elucidated, however, certain studies (152, 153) have found that DJ-1 counteracts dopamine toxicity, and that the overexpression of DJ-1 reduced intracellular ROS. The mitogen activated protein (MAP) kinase signaling pathway mediates the upregulation of DJ-1 via activation of extracellular signal-regulated kinase (ERK) 1 and 2 in vitro and in vivo. Upregulation of DJ-1 is also induced by oxidative stress through the MAP kinase signaling pathway (154, 155) .
These findings indicate that DJ-1 function disorder leads to an excessive neuroinflammatory response, which may contribute to the pathogenesis of PD. Additionally, the widespread variations of DJ-1 expression levels also demonstrate that DJ-1 function disorder may be associated with the motor and non-motor symptoms of PD. However, it is yet to be elucidated if these changes are specific to PD.
NR4A. The NR4A subfamily are nuclear receptors, which were initially characterized as growth factor-inducible genes and include Nur77 (NR4A1), Nurr1 (NR4A2) and Nor-1 (NR4A3). These receptors are critical in the differentiation of DA neurons.
Members of the NR4A family have been reported to positively and negatively regulate pro-inflammatory genes (156, 157) . All three NR4A members are strongly induced by inflammatory stimuli and bind to the same response elements, hence they may regulate the expression of the same genes (158) . In response to treatment with 12-O-tetradecanoylphorbol-13-acetate or LPS and the inflammatory cytokines, TNFα, IFNγ and IL-1β, expression of Nor-1 (NR4A3) was observed to be clearly induced in the human monocytic cell line, THP-1. Marginal upregulation of Nor-1 induced by macrophage colony-stimulating factor (CSF) and granulocyte macrophage CSF has also been observed in THP-1 cells (158) . A significant increase in the expression levels of Nur77 has been observed in the substantia nigra/ventral tegmental area complex following administration of antagonists of dopamine D2 receptors (159) . Gilbert et al (160) determined that Nur77-deficient mice exhibited more spontaneous locomotor activity, greater sensitivity to dopamine D2 receptor agonist and increased dopamine metabolite DOPAC, when compared with that in wild-type mice.
In addition to Nor-1 and Nur77, Nurr1 suppresses the expression of pro-inflammatory neurotoxic mediators in microglia and astrocytes. Reduction of Nurr1 expression levels causes inflammatory responses in microglia, resulting in the death of TH expressing neurons. Additionally, Nurr1 protects against the loss of DA neurons in PD. In Nurr1 KO mice, Nurr1 deficiency impairs DA function and increases the degeneration of midbrain DA neurons in PD (161) . In vitro and in vivo, reduction of Nurr1 expression increases the susceptibility to DA neuronal injury induced by the impairment of the ubiquitin-proteasome system (162) . Following LPS stimulation, the expression levels of Nurr1 were markedly increased, which could be blocked by inhibitors of ERK, JNK and PI3K/Akt. The ERK inhibitor was shown to partially block the translocation of Nurr1 from the cytoplasm to the nucleus (163) . Bensinger and Tontonoz (164) also indicated that Nurr1 protects DA neurons by suppressing inflammatory gene expression in astrocytes and microglia.
In conclusion, the above-mentioned studies revealed that these receptors may have numerous roles in the inflammatory responses, which occur during the development of PD.
Conclusion
In conclusion, inflammatory changes may be detected during the pathological development of PD prior to patients succumbing to the disease. However, whether the inflammatory responses are due to an autoimmune response or a secondary event in PD has yet to be determined. In particular, whether the immune response/inflammation is beneficial or destructive to PD requires further investigation to elucidate their association with the progression of PD. Future studies should focus on the optimal time at which to intervene for the most effective management of inflammation. Furthermore, increasing experimental data are providing novel therapeutic strategies for preventing the neurodegeneration in patients with PD, which reduces the requirement for multiple unnecessary trials, and improves the quality of life for patients with PD and their families.
